We analyzed over 95,000 individual 
Introduction
In modern Intensive Care Units (ICUs) physiological data is derived from bedside monitors and transmitted to central nursing stations every minute and verified once every 5 to 60 minutes. These values are sometimes corrected if the nursing staff believe they are erroneous or unrepresentative. Invalid values are also sometimes accepted as correct. To test the validity of these "clinically-verified" (CV) values we compared a subset of parameters to independently derived values for the same parameters, validated using previously tested signal quality metrics [1, 2] .
Methods
The database used for this evaluation is the MIMIC II database [3] which currently provides nursing data from over 30,000 patients, together with high resolution waveform data (mainly electrocardiogram (ECG) and arterial blood pressure (ABP)) from over 2,700 of these patients. Heart Rate (HR) and systolic/mean/diastolic ABP have been derived for non-overlapping 10s windows (at 0.1Hz) together with signal quality indices (SQIs) for both the ECG and ABP waveforms [1, 2] . The available data set comprises 95,000 individual values of CV HR and average ABP derived from 118,000 hours of ECG and 71,000 hours of ABP data from 1,071 patients.
The SQIs have been calibrated to allow determination of the error in the HR or ABP for a given SQI value. SQI values higher than 0.9 equate to HR errors less than 2 bpm and ABP errors less than 5 mmHg. We consider these to be clinically insignificant. We therefore chose to compare our re-derived values of HR, mean blood pressure (MBP), systolic blood pressure (SBP) and diastolic blood pressure (DBP) possessing SQI values higher than 0.7 with the corresponding clinically verified values. This provides an average SQI of 0.9.
Before making any comparisons, we removed obviously invalid values. This included cases where the DBP, MBP and SBP values where not monotonically increasing. Additionally, Table 1 provides the thresholds used to screen ABP values and HR values that were outside of a physiologically reasonable range. It also includes the total number of matched observations for each measurement after these thresholds and rules have been applied. Using each clinically-verified measurement (henceforth indicated with a "CV" prefix) we calculated the median re-derived value (prefix "RD") for the preceding minute (6 samples). Error values were calculated by subtracting the RD values from the CV values; consequently, a negative error reflects underestimation by the nurse and a positive error reflects overestimation by the nurse. We explored the distribution of these errors, how they change as a function of time of day and day of week and whether large differences exist between the accuracy of different nursing staff. Table 2 presents the first four moments of the distributions for the CV, the RD and the SQIRD (filtered with the SQI) values. While the differences between the mean and variances of each distribution are statistically significant (P<0.0001 using the F-and t-tests) the magnitudes of the average differences are clinically insignificant. With no filtering, large errors (±20 mmHg/bpm) are found in about 20% of the values. This rate decreases to 11% with threshold filtering and drops to 4% when the SQI is used. The SQI threshold (> 0.7) keeps RD values that were derived from clean signals. Figure 1 shows histograms for each signal, where the CV distribution is overlaid with the RD distribution using the SQI filter (SQIRD). While the RD distributions in Figure 1 appear relatively smooth, without the SQI filter the RD distributions contain a variety of abnormal peaks. Consequently, the distributions of the differences between the CV and RD values tighten significantly when the SQI is employed (see Figure 2) . Table  3 provides the first four moments of these distributions. Notice from Table 3 that the bias (skewness) and the randomness (Gaussianity) are reduced when the SQI is used to filter the data. This indicates that the errors are systematic. As a result, analyses of the error distributions require nonparametric methods such as the Mann-Whitney U test to compare the means and the Fligner-Killeen test to compare the variances. It should also be noted that the errors between the two distributions decrease as the SQI threshold is increased (Figure 3 ). This analysis uses the same 1-minute, 6-sample median for the signal value and for the SQI metric. However, similar results are observed for longer windows and when using the mean values instead of median values. This indicates that the patients are relatively stable and the window over which the measurements are averaged has little impact on the actual physiological parameter estimate.
Results

Diurnal variations and beyond
To examine the influence of the time of day and day of week on the errors, we looked for consistent errors in the CV values relative to the RD values. As expected from the We conducted a Mann-Whitney U test to examine if the average errors on a particular day or at a particular hour deviated significantly from the average errors for the other days or hours. Similarly, we performed a Fligner-Killeen test to look for significant changes in variance between particular days or hours and the other days or hours.
The average error and the variance in this error decrease during the middle of the week. On Wednesday the average error for each of the four measurements is significantly lower (p<0.05) than the other six days in the week. The variance on Wednesday is also significantly lower (p<0.0001). Similarly, the errors increase on the weekend. The errors on Friday are significantly higher (p<0.005 for ABP, p =0 .038 for HR). The variance on Friday is not significantly different from the other days but on Sunday and Monday, the variance is significantly higher (p<0.0001). Diurnal differences are also present. There is a noticeable tightening of the ABP errors at around 5 am (p<0.005)and1pm(p<0.05). The HR errors are only significantly different from the other measurements at 11 pm (p =0 .025) where they appear to tighten. The variance in HR and ABP errors decreases at 3 am (p<0.005) and increases for ABP errors at 8 am (p<0.005) and 11 pm (p<0.05).
3.2.
Care giver comparisons
Finally, we examined the average error of care givers that have at least 10 recorded observations. Histograms constructed from the results are shown in Figure 5 . One striking observation from these distributions is the number of care givers who consistently overestimate or underestimate by a significant value. Table 4 shows the number of identified and anonymous observations after filtering using the SQI metric. It also includes the number of unique care givers recorded in the data. A comparison of the errors by identified care givers and anonymous care givers is given in Table 5 . With the exception of DBP, the average errors from this anonymous group of care givers were significantly higher than the identified group.
Conclusions
Automated SQIs can lead to lower errors in clinicallyverified data, potentially leading to improved patient care, where a significant number of HR and ABP readings are verified with errors that are clinically significant.
These errors vary with the hour of the day and day of the week, with significantly lower errors presenting mid-week and twice a day (early morning and early afternoon). This may be a function of changing work load and staffing levels, shift changes and perhaps even circadian and diurnal variations in alertness. Such performance factors require further investigation. Finally, we detected a significant variation in error levels (mean and variance) between identified care givers and those that did not identify themselves. Furthermore, nursing staff sometimes leave themselves 'logged-on' and therefore those that may not normally identify themselves could be entering data as an identified care giver. Such cases should reduce the difference we observe between errors in the identified and anonymous care giver groups from its actual level. This may indicate that care givers who identify themselves are more diligent and compliant with procedures that may seem irrelevant to nursing care, yet can have an impact on data accuracy. That is, either the care giver identification procedure encourages a more accurate reporting of data, or those care givers that identify themselves are more diligent in checking the accuracy of data. Such information could be used to improve patient care.
